The main siderophores produced by streptomycetes are desferrioxamines. Here we show that Streptomyces sp. ATCC 700974 and several Streptomyces griseus strains, in addition, synthesize a hitherto unknown siderophore with a catechol-peptide structure, named griseobactin. The production is repressed by iron. We sequenced a 26-kb DNA region comprising a siderophore biosynthetic gene cluster encoding proteins similar to DhbABCEFG, which are involved in the biosynthesis of 2,3-dihydroxybenzoate (DHBA) and in the incorporation of DHBA into siderophores via a nonribosomal peptide synthetase. Adjacent to the biosynthesis genes are genes that encode proteins for the secretion, uptake, and degradation of siderophores. To correlate the gene cluster with griseobactin synthesis, the dhb genes in ATCC 700974 were disrupted. The resulting mutants no longer synthesized DHBA and griseobactin; production of both was restored by complementation with the dhb genes. Heterologous expression of the dhb genes or of the entire griseobactin biosynthesis gene cluster in the catechol-negative strain Streptomyces lividans TK23 resulted in the synthesis and secretion of DHBA or griseobactin, respectively, suggesting that these genes are sufficient for DHBA and griseobactin biosynthesis. Griseobactin was purified and characterized; its structure is consistent with a cyclic and, to a lesser extent, linear form of the trimeric ester of 2,3-dihydroxybenzoyl-arginyl-threonine complexed with aluminum under iron-limiting conditions. This is the first report identifying the gene cluster for the biosynthesis of DHBA and a catechol siderophore in Streptomyces.
Iron is an essential element for the growth and proliferation of nearly all microorganisms. In the presence of oxygen, the soluble ferrous iron is readily oxidized to its ferric form, which exists predominantly as a highly insoluble hydroxide complex at neutral pH. To overcome iron limitation, many bacteria synthesize and secrete low-molecular-weight, high-affinity ferric iron chelators, called siderophores (38, 53) . Following the chelation of Fe 3ϩ in the medium, the iron-siderophore complex is actively taken up by its cognate ABC transport system, and Fe 3ϩ is subsequently released by reduction to Fe 2ϩ and/or by hydrolysis of the siderophore (28, 32, 36) . The three main classes of siderophores contain catecholates, hydroxamates, or (␣-hydroxy-)carboxylates as iron-coordinating ligands, but mixed siderophores and siderophores containing other functional groups, such as diphenolates, imidazoles, and thiazolines, have also been found (16, 38) .
Siderophores containing peptide moieties are synthesized by proteins belonging to the nonribosomal peptide synthetase (NRPS) family (16, 38) . These multimodular enzymes function as enzymatic assembly lines in which the order of the modules usually determines the order of the amino acids incorporated into the peptide (19, 34) . Each module contains the complete information for an elongation step combining the catalytic functions for the activation of the amino acid by the adenylation (A) domain, the tethering of the corresponding adenylate to the terminal thiol of the enzyme-bound 4Ј-phosphopantetheinyl (4Ј-PP) cofactor by the peptidyl carrier protein (PCP) domain, and the formation of the peptide bond by the condensation (C) domain (26, 34, 52) . At the end, the product is released by the C-terminal thioesterase (TE) domain by hydrolysis or by cyclization via intramolecular condensation. Each adenylation domain recognizes a specific amino acid, and its substrate specificity can be predicted by its sequence. An NRPS specificityconferring code consisting of 10 nonadjacent amino acid residues in the A domain has been proposed (49) . Exceptions to the "colinearity-rule" (19) have been discovered. For example, in the biosynthesis of the siderophores enterobactin and bacillibactin, all the modules in the NRPS are used iteratively, and the TE domain stitches the chains together into a cyclic product (35, 45) . Enterobactin is the trilactone of 2,3-dihydroxybenzoyl-serine, and bacillibactin is the lactone of 2,3-dihydroxybenzoyl-glycyl-threonine.
The typical siderophores produced by streptomycetes are desferrioxamines (24) , and the genes encoding the enzymes for their biosynthesis have been identified (5) . Recently, structurally different siderophores have been reported to be coproduced with desferrioxamines in some species, e.g., coelichelin in Streptomyces coelicolor (9, 30) and enterobactin in Streptomyces tendae (18) . The genes encoding the proteins for the biosynthesis of enterobactin in S. tendae remain unknown.
Here we describe the gene cluster for the biosynthesis of a new siderophore, named griseobactin, produced by Streptomyces sp. strain ATCC 700974 and some strains of Streptomyces griseus. By sequencing two cosmids isolated from a Streptomyces sp. strain ATCC 700974 genomic library, we assigned the encoded proteins to enzymes that convert chorismate to 2,3-dihydroxybenzoate (DHBA), and to proteins involved in nonribosomal peptide biosynthesis and in the export, uptake, and utilization of siderophores. Knockout mutagenesis and heterologous expression confirmed the requirement of this gene cluster for the biosynthesis of griseobactin. This is the first report on the identification of the genes responsible for DHBA and catechol siderophore biosynthesis in Streptomyces.
MATERIALS AND METHODS
Bacterial strains, plasmids, cosmids, and culture conditions. The Escherichia coli and Streptomyces strains, plasmids, and cosmids used are listed in Table 1 . E. coli strains were cultured in liquid or on solid LB medium at 37°C (47) . Streptomyces was routinely grown on solid mannitol soya flour medium at 30°C (27) . For siderophore production, M9 minimal medium was used (47) . When appropriate, the following supplements were added: apramycin (Apr), 50 g/ml; chloramphenicol (Cam), 40 g/ml; nalidixic acid (Nal), 25 g/ml; neomycin (Neo), 50 g/ml.
Recombinant DNA techniques. DNA was isolated and manipulated according to the methods of Sambrook and Russell (47) and Kieser et al. (27) . DNA was purified on a silica matrix with NucleoSpin columns (Macherey-Nagel, Düren, Germany). Oligonucleotides were synthesized by VBC-Biotech (Vienna, Austria). PCRs were performed with a RoboCycler gradient 96 (Stratagene, Heidelberg, Germany) and the 3Ј-5Ј proofreading polymerase ReproFast (Genaxxon, Biberach, Germany).
Construction of plasmids and strains. Noncompatible ends were blunt ended prior to ligation by the removal of protruding 3Ј termini or the filling in of recessed 3Ј termini. E. coli DH5␣ was transformed with the ligation products. The constructs were confirmed by sequencing. Plasmids were introduced into Streptomyces by conjugation using the methylation-deficient E. coli strain ET12567, which harbored the intended plasmid as well as plasmid pUB307 (27) , as a donor.
For construction of the plasmids used for gene inactivation, the EcoRI-EcoRI (nucleotides [nt] 4210 to 5715) and EcoRI-StuI (nt 5715 to 12053) fragments derived from cosmid 680 and comprising dhbEЈ, dhbC, dhbA, griA, and griB were adjacently cloned into the SmaI site of pSU18, thereby eliminating the EcoRI site at nt 5715 by ligation of the filled-in ends. From the resulting plasmid, the AspEI-SfiI fragment (dhbC, nt 5995 to 6912) or the DraIII fragment (dhbAC, nt 6113 to 7343) were replaced by the neomycin resistance cassette gained from transposon Tn5 by PCR with primers Tn5Neo1 (TTGCAGTGGGCTTACATG GCGATAGC) and Tn5Neo2 (GGCGAAGAACTCCAGCATGAGATCC). The inserts of these plasmids were first cut with EcoRI/HindIII and then cloned into the EcoRV-digested conjugative plasmid pKC1132. After conjugal transfer of these plasmids from E. coli ET12567(pUB307) into Streptomyces sp. strain ATCC 700974, potential double-crossover recombinants were selected with nalidixic acid and neomycin and, after several rounds of growth, by their sensitivity to apramycin. The gene replacements were confirmed by PCR and sequencing with various primers. The strain harboring the dhbC deletion with the neomycin resistance gene oriented in the same direction as the dhb genes was designated SIP1194, and the strain containing the dhbAC deletion with the neomycin resistance cassette oriented in the direction opposite to the dhb genes was designated SIP1192. The filled-in EcoRI site at nt 5715 caused a frameshift at the beginning of dhbE, resulting in dhbE inactivation. A polar effect on the downstream genes dhbBG cannot be excluded.
For complementation, the dhbACEBG genes were amplified by PCR with primers Dhb7 (CCTAACACCCGGAGGAGGTTGCTC) and Dhb5 (GACAT ACAGGTGGGCCAAGGTC), and the product was cloned into the EcoRV site of the pSET152ermE*p expression vector. Of five plasmids, only one, pSP126/ 1079, had the correct amino acid sequence, although it carried two silent muta- Determination of siderophore biosynthesis. Catechol-type siderophores were detected spectrophotometrically at 515 nm using an assay developed by Arnow (3) with DHBA as a standard. Measurements were carried out in triplicate. For quantitative analysis of griseobactin composition and comparison with the amino acid analysis, the siderophore was hydrolyzed for 2 h in 5 N HCl at 100°C prior to the assay. This yielded 2-to 3-fold-higher values than the unhydrolyzed siderophore.
The peptide moiety of the siderophore was quantified according to the method of Bradford (13) with a Roti-Quant kit (Carl Roth, Karlsruhe, Germany) and bovine serum albumin as a standard. Measurements were carried out in triplicate.
Siderophore activity was measured using the chrome azurol S (CAS) liquid assay as described previously (48) . This assay is based on the competition for Fe 3ϩ ions between the CAS-Fe 3ϩ complex and the excreted siderophore. The higher affinity constant of the siderophore for iron leads to a color change of the blue CAS-Fe 3ϩ complex to the orange iron-free CAS, which is measured by the decrease in absorption at 630 nm. For quantification, the iron chelator desferrioxamine B mesylate (Sigma-Aldrich, Steinheim, Germany) was used as a standard.
Siderophore purification. Griseobactin was obtained from the culture medium of Streptomyces sp. strain ATCC 700974. Cells were grown in iron-depleted M9 minimal medium (47) to the stationary phase with shaking at 30°C. The cells were sedimented by centrifugation for 20 min at 6,000 ϫ g. The supernatant was passed through a 0.22-m-pore-size filter (Schleicher & Schüll, Dassel, Germany) and applied to an XAD-2 (Supelco, Bellefonte, PA) column equilibrated with water. The column was washed with 5 volumes of water and then eluted with 50% methanol. The Arnow-positive fractions were pooled, evaporated to dryness, suspended in water, and subjected to gel filtration on a Superdex peptide HR 10/30 column (Amersham Bioscience, Freiburg, Germany) using water as the solvent. Griseobactin bound to XAD-2 resin but did not bind to XAD-4 resin, suggesting a mass above 1,000 Da.
Spectroscopy. UV and visible (UV/Vis) spectra were recorded on an UltrospecIII spectrometer (Pharmacia Biosystems, Freiburg, Germany).
ESI-MS. Electrospray ionization mass spectrometry (ESI-MS) and ESI-tandem MS (ESI-MS-MS)
were performed on an HCT ultra ETD II mass spectrometer (Bruker-Daltonics, Bremen, Germany) operating in the positive ionization mode by Guido Sauer (this institute). Prior to analysis, samples were passed through a C 18 cartridge. For fragmentation studies, ESI-MS-MS was performed by collision-induced dissociation with helium as the collision gas. High-resolution electrospray ionization-Fourier transform ion cyclotron resonance (FT-ICR) mass spectra were collected in the positive ionization mode on a 4.7-T Apex II FT-ICR mass spectrometer (Bruker-Daltonics) by Graeme Nicholson at the Institute of Organic Chemistry, University of Tübingen, Tüb-ingen, Germany. Samples were dissolved in methanol containing 0.1% formic acid and were measured over the mass range of m/z 200 to 1,400.
Amino acid analysis. Amino acid analysis was carried out by Norbert Tröndle (Genaxxon, Biberach, Germany). The sample was hydrolyzed for 24 h in 3 N HCl at 110°C and was then analyzed on an LC3000 amino acid analyzer.
Computer analyses. Nucleotide and amino acid sequences were analyzed using the PC/GENE program package (IntelliGenetics, Mountain View, CA), Artemis (46), GenemarkS (10, 11) , SignalP (7), LipoP (25) , and the Clustal W program (51) . Functional assignments were made by homology searches with the BLAST algorithm (1) and comparison with proteins of known functions in the database. The domain organization of the NRPS was analyzed according to references 2 and 34. The amino acid substrate specificities of the adenylation domains of NRPSs were predicted using NRPSpredictor (44) .
Nucleotide sequence accession number. The GenBank accession number for the complete 26-kb nucleotide sequence comprising the griseobactin biosynthesis gene cluster in Streptomyces sp. strain ATCC 700974 is FN545130.
RESULTS AND DISCUSSION
Sequencing and analysis of a gene cluster for a putative catecholate siderophore. Cosmids 679 and 680 were prepared from the genome of Streptomyces sp. strain ATCC 700974 and then sequenced. A gene cluster with no nucleotide sequence similarity to sequences of the genomes of Streptomyces coelicolor and Streptomyces avermitilis or to any other entries in the most current database was found. The encoded proteins showed similarities to proteins involved in DHBA synthesis, NRPS-dependent siderophore biosynthesis, and siderophoredependent iron transport systems from other organisms, which indicated their involvement in the biosynthesis of a catecholpeptide siderophore (Table 2 ; Fig. 1 ). Because this novel siderophore was synthesized mainly by Streptomyces griseus (see below), it was named griseobactin.
The five-cistron operon dhbACEBG ( Fig. 1 ) encodes homologues of the DhbACEB proteins, required for the biosynthesis and activation of DHBA in the production of the Bacillus subtilis catechol siderophore bacillibactin (35) . The isochorismate synthase DhbC first isomerizes chorismate to isochorismate, which is then hydrolyzed to 2,3-dihydro-DHBA through the cleavage of pyruvate by the isochorismatase DhbB (Nterminal part). The 2,3-dihydro-DHBA dehydrogenase DhbA oxidizes this product to the aromatic DHBA. The DHBA-AMP ligase DhbE activates DHBA and transfers it as a thioester onto the aryl carrier DhbB (C-terminal part), whereby ATP is hydrolyzed. Instead of having the isochorismatase and aryl carrier activities in a single bifunctional protein (DhbB), as in B. subtilis and E. coli, Streptomyces sp. strain ATCC 700974 has these activities in two separate proteins, DhbB (isochorismatase) and DhbG (aryl carrier) (Fig. 2) . The phosphopantetheine binding site of DhbG, NLVDYGLDSVR, with the serine attachment site for phosphopantetheine, is consistent with the signature sequence of aryl carrier proteins: (N/D)LX XXGLDSXR.
Sequence analysis of the NRPS-like 2,468-amino-acid protein encoded by griE suggests that it contains two NRPS modules, each comprising the core elongation domains C, A, and PCP, followed by one C-terminal TE domain (Fig. 2) . The substrate specificity for the adenylation domains of GriE is predicted by the NRPSpredictor program to be threonine for module 1 and glutamine for module 2.
griD encodes a small (Ͻ100-amino-acid) MbtH-like protein that displays 39% sequence identity to the mbtH gene product in the gene cluster for the synthesis of mycobactin, a nonribosomally synthesized peptide siderophore in Mycobacterium tuberculosis (42) . An MbtH-like protein is found in many of the gene clusters involved in the synthesis of siderophores and peptide and aminocoumarin antibiotics. Although the requirement of MbtH-like proteins for the formation or secretion of secondary metabolites in Streptomyces (31, 54) and for that of pyoverdine at wild-type levels in Pseudomonas aeruginosa (17) has been shown experimentally, the function of these proteins is still unknown, because different mbtH-like genes can functionally replace each other (31, 54) .
The griC gene encodes a permease of the major facilitator superfamily (MFS). Analysis of GriC revealed the presence of at least 12 transmembrane helices. The sequence GWLGDR FGTKRVF, starting at amino acid 71, is consistent with a conserved 13-amino-acid motif,
at a typical position between the second and third transmembrane domains, as found in MFS-type transporters (50), suggesting that GriC exports griseobactin from the cytoplasm into the medium.
The griA, griB, griF, griG, and griH genes are putatively involved in griseobactin uptake and utilization. GriA is homologous to siderophore uptake transporters. It consists of two halves that display 29% sequence identity to each other. It is predicted to form 20 transmembrane helices; hence, one protein is sufficient to constitute the whole transporter, like FhuB in E. coli, and no dimers of different proteins, such as FepDG or FecCD in E. coli, are necessary. GriG and GriH are similar to the siderophore-binding lipoprotein and the ATPase of iron-siderophore ABC transporters in other bacteria. In GriG, a cleavage site for signal peptidase II is predicted after amino acid 31, supporting its export and localization at the surface of the cytoplasmic membrane.
GriB belongs to the family of ␣,␤-hydrolases (40) and possesses a conserved GXSXG serine esterase motif. It shows 30% identity to Fes, the enterochelin esterase that cleaves the ester bonds of the cyclic lactone and thereby releases iron from the imported enterobactin in E. coli (32) . GriF belongs to the The boundaries of the griseobactin biosynthesis and utilization genes are delineated by the open reading frames orf1 and orf2 on one end and orf3 and orf4 on the other (Fig. 1) . The predicted functions of these open reading frames are not related to those of griseobactin (Table 2) . orf1 encodes an orthologue of the phosphoglucomutase Pgm in E. coli, and orf2 encodes a hypothetical protein with no similarity to known proteins. An extremely stable hairpin is found 22 nucleotides downstream of the orf2 stop codon. The stem-loop structure consists of a 20-nt GC-rich (GϩC content, 90%) stem with a calculated ⌬G (25°C) of Ϫ66.2 kcal/mol, followed by a U-rich region on the RNA, which may serve as a rho-independent terminator of transcription. orf3 and orf4 encode homologues of ArgK, the kinase that phosphorylates the periplasmic binding proteins for the transport of lysine, arginine, and ornithine, and MutB, the large subunit of methylmalonyl coenzyme A (CoA) mutase, respectively.
Four iron boxes are predicted in the griseobactin biosynthesis cluster. The DmdR (divalent metal-dependent regulatory protein) family mediates iron regulation in Gram-positive bacteria and is also found in streptomycetes (22) . A consensus iron box, TTAGGTTAGGCTCACCTAA, for DmdR binding in Streptomyces species has been deduced (20) . The ferrous iron complex of DmdR binds to such iron boxes and prevents expression of the adjacent genes. A search of the griseobactin gene cluster for iron boxes revealed four well-conserved iron box sequences, all in regions upstream of putative genes (Fig.  1, triangles) : TTAGGTTAccCTtACCTAA (84% identical to the consensus iron box), located 20 nt 5Ј of dhbA; TTAGGcT AGcCTCACCTtA (84% identical), located 63 nt 5Ј of griA; TTAacTTAGcCTtACCTAA (79% identical), located 12 nt 5Ј of griE; and TaAaGTaAGGCTaACCTtA (74% identical), located 82 nt 5Ј of griG and 68 nt 5Ј of griH (capital letters indicate conservation of the nucleotide, and lowercase letters indicate mismatches.)
Catechol production by different Streptomyces strains and iron regulation. To date, no gene cluster for a catechol siderophore has been identified in streptomycetes. Therefore, we examined whether Streptomyces sp. strain ATCC 700974 produces and secretes catechol compounds by using the Arnow assay (3), which is selective for aromatic vicinal diols devoid of substitution and steric hindrance at either the 3 or the 4 position, as found in catechol (4). We detected catechol in the culture supernatant of ATCC 700974 grown in M9 minimal medium (Fig. 3) . Furthermore, the S. griseus strains Tü 6, Tü19, and, to a lesser extent, Tü 17 produced and secreted catechol compounds. In contrast, S. coelicolor M145, S. lividans TK23, and S. albus did not secrete catechol. The genome sequence of S. coelicolor M145 (9) lacks a dhbACEBGgriABCDEFGH gene cluster. In contrast to the culture supernatants, the methanol extracts of the mycelia of the Streptomyces strains mentioned above contained only negligible amounts of catechol (data not shown), indicating that there are low amounts of membrane-bound and intracellular catechol compounds. In contrast, enterobactin has been isolated from the methanol extracts of the mycelia of S. tendae Tü 901/8c and Streptomyces sp. strain Tü 6125 and only negligible amounts were found in the culture supernatants (18) . Neither growth promotion experiments with an enterobactin-negative E. coli mutant, to prove the identity of enterobactin, nor studies of the iron dependence of enterobactin production have been carried out (18) .
Since potential iron boxes were identified in the nucleotide sequence of the griseobactin gene cluster, the influence of iron on the biosynthesis of catechol was studied. Upon addition of 50 M iron to the medium, catechol production ceased (Fig.  3) , indicating that catechol biosynthesis is repressed by iron.
Disruption of the dhb genes abolishes griseobactin biosynthesis. The data presented above strongly suggested that several Streptomyces strains produce a catechol-containing compound under low-iron conditions. To confirm that the dhbACEBG genes are responsible for griseobactin biosynthe- sis, the dhbC gene or the dhbAC genes of ATCC 700974 were replaced by a neomycin resistance cassette (see Materials and Methods). The resulting mutants, SIP1192 (⌬dhbACE) and SIP1194 (⌬dhbCE), were unable to synthesize any catechol compound (Fig. 4A) . The supernatants of the dhb mutants contained very low peptide concentrations compared to that of the supernatant of the wild type (Fig. 4B) , indicating that griseobactin contains not only a catechol but also a peptide moiety. In contrast to the Arnow assay, the peptide assay showed a certain background for the dhb mutants because of other proteinaceous compounds secreted by Streptomyces cells. The siderophore activity of the culture supernatant was measured using the CAS liquid assay. The siderophore concentration in the parental strain, ATCC 700974, was about 100 M desferrioxamine equivalents, whereas the concentrations in the dhb mutants were reduced to less than 50%. This showed that the dhb mutants are impaired in siderophore production but still synthesize at least one other siderophore. Strain ATCC 700974 possesses a gene cluster for desferrioxamine biosynthesis, as ascertained by nucleotide sequencing (data not shown).
Complementation of the dhb mutants with dhb genes. To confirm that the loss of catechol siderophore biosynthesis was caused by the dhb mutation, the mutants SIP1194 (⌬dhbCE) and SIP1192 (⌬dhbACE) were complemented by integrative plasmids containing the dhbACEBG genes cloned under the control of the constitutive promoter ermE*p. Plasmid pSP129/ 1079 restored griseobactin production in both dhb mutants, as judged by the Arnow and peptide assays (Fig. 4) . The mutants also produced the siderophore when complemented with cosmid 680 (data not shown). In this case, the catechol and peptide concentrations were 3-to 4-fold higher than those in the parental strain, ATCC 700974, probably because of a gene dosage effect (two copies of griD and griE).
The dhbC genotype is supplemented by the addition of DHBA. The function of the dhbCBA genes was further examined by feeding the dhbC mutant with DHBA, which restored griseobactin synthesis. As shown in Fig. 5 , the peptide content in the supernatant of the dhbC mutant SIP1192(pSP126/1049) increased more than 20-fold when DHBA was added to the medium. The same was true for the dhbC mutant SIP1194 (pSP126/1049) (data not shown in Fig. 5 for clarity) . Addition of DHBA to the media of the dhbACE and dhbCE mutants did not result in griseobactin production (Fig. 5) , because these mutants lacked dhbE. This result corroborates the hypothesis that in griseobactin biosynthesis, DhbE catalyzes a step downstream of DHBA biosynthesis. Since the added DHBA causes a positive result in the Arnow assay, the Arnow assay could not be applied to determine the amount of the catechol moiety of griseobactin.
Heterologous expression of the dhb genes and of the entire griseobactin gene cluster in S. lividans TK23. To investigate whether the dhbACEBG genes are sufficient for the production of DHBA, a plasmid containing the dhbACEBG genes under the control of the constitutive promoter ermE*p (pSP126/ 1079) was integrated into the genome of S. lividans TK23. No catechol was found in the supernatant of strain TK23, whereas the catechol concentration in the supernatant of TK23(pSP126/1079) was approximately 4-fold higher than that in the supernatant of ATCC 700974 (Fig. 6) . The UV/Vis spectrum of the supernatant of TK23(pSP126/1079) displayed an absorption peak at 315 nm, which can be attributed to DHBA, whereas the spectrum of the supernatant of ATCC 700974 displayed an absorption peak at 330 nm, attributed to griseobactin (see below). The peptide concentration in the culture supernatant of TK23(pSP126/1079) was as low as that for TK23, indicating no siderophore production. The same held true for TK23 containing cosmid 679, which comprises dhbGBECA and griABCD but lacks the griE gene encoding the NRPS (Fig. 6 ). These data suggested that TK23(pSP126/1079) and TK23 containing cosmid 679 overproduce DHBA, which diffuses into the supernatant, but do not synthesize griseobactin. In contrast, ATCC 700974 secreted the complete siderophore but little or no free DHBA, because DHBA is incorporated into the siderophore. The secretion of DHBA in the dhbACEBG-complemented strain S. lividans TK23(pSP126/ 1079) is likely to be the consequence of intracellular DHBA overflow owing to a lack of the NRPS gene griE. In a B. subtilis dhbF mutant lacking a functional NRPS for bacillibactin biosynthesis, secretion of the bacillibactin precursor DHBA was 74-fold higher than that in the wild type (39) . We expressed the entire griseobactin gene cluster in S. lividans to see whether it is sufficient for griseobactin production. Catechol, as well as the peptide moiety of griseobactin, was detected in the supernatant of TK23 containing cosmid 680 (Fig. 6 ). After subtraction of the background, the ratio of the catechol concentration to the peptide concentration was the same for TK23 containing cosmid 680 and ATCC 700974. This indicates that griseobactin was synthesized by TK23 containing cosmid 680. The higher levels of griseobactin synthesis in S. lividans TK23 containing cosmid 680 than in ATCC 700974 might be due to stronger gene expression. Biosynthesis of griseobactin in TK23 containing cosmid 680 was repressed upon the addition of iron (Fig. 6) , which indicated negative iron regulation, as observed for ATCC 700974.
Chemical characterization of the siderophore. We purified griseobactin on an XAD-2 column, followed by gel filtration. Purified griseobactin displayed a UV/Vis spectrum typical for catechol siderophores, with an absorption peak at 330 nm resulting from the 3* transition of catechol (Fig. 7) , in contrast to an absorption peak at 315 nm for free DHBA under these conditions. Upon addition of FeCl 3 , a broad absorption peak around 500 nm appeared (Fig. 7) , and the solution turned from colorless to reddish brown. This absorption band is assigned to a ligand-to-metal charge transfer band characteristic for Fe 3ϩ octahedrally coordinated by three catecholate units. This suggested that the siderophore was isolated predominantly in the iron-free form and formed a complex with ferric iron upon the addition of iron.
The NRPS activity in griseobactin synthesis is distributed among three proteins: DhbE, DhbG (aryl carrier for DHBA), and GriE (Fig. 2) . The substrate specificity of the adenylation domains was predicted by the NRPSpredictor program to be DHBA for DhbE, threonine for GriE module 1, and glutamine for GriE module 2. Amino acid analysis of griseobactin revealed threonine (4.83 mM) but not glutamine. Instead, griseobactin contained arginine (4.87 mM) in amounts equimolar to those of threonine. For quantitative comparison of the amino acid concentration with the catechol content of the siderophore, the siderophore was hydrolyzed prior to the Arnow assay. This yielded catechol values 2-to 3-fold higher than those without hydrolysis, indicating that in the intact siderophore, only every second to third DHBA residue reacts in the Arnow assay, probably because of steric hindrance. Taking this into account, the DHBA concentration (4.5 mM) was as high as the concentrations of threonine or arginine.
Only a few nonribosomally synthesized peptides are known to contain arginine. (44) . In contrast, the prediction of threonine is based on 24 threonine-incorporating modules. This may explain the prediction of glutamine instead of arginine by the NRPSpredictor. Thus, GriE may improve the prediction of NRPS modules incorporating arginine.
The ability of purified griseobactin to chelate iron was tested using the CAS liquid assay. The reaction was slower than the standard desferrioxamine B reaction. A griseobactin solution containing ϳ200 M catechol equivalents, as determined by the Arnow assay with prior hydrolysis of the siderophore, revealed ϳ50 M desferrioxamine B equivalents in the CAS In a sample purified in the same way but from the supernatant of SIP1192 (⌬dhbACE), both peaks were missing, which showed that this substance is not produced by the dhb mutant. However, these signals were present in the griseobactin fraction purified from the supernatants of the complemented dhbACE mutant SIP1192 (pSP126/1079) and of the heterologously expressed griseobactin gene cluster in S. lividans TK23 containing cosmid 680, which indicated that the same siderophore is produced. In contrast to FT-ICR-MS, ESI-MS also detected the singly charged ion [MϩH] ϩ with an m/z of 1,204.4 for the cyclic form and an m/z of 1,222.4 for the hydrated form, in addition to the double-positively charged ion [M ϩ 2H] 2ϩ in the hydrated form (m/z, 611.8) and, at a lower intensity, in the cyclic form (m/z, 602.8).
To date, no gene cluster for catechol siderophore biosynthesis in streptomycetes has been identified. The gene cluster of Streptomyces sp. strain ATCC 700974 sequenced in this study encodes proteins involved in the biosynthesis of DHBA and nonribosomal peptides, as well as proteins involved in the secretion, uptake, and utilization of siderophores. The culture supernatant of ATCC 700974 contained a catechol and a peptide moiety. Production of the siderophore was abolished by knocking out the dhbACE genes and was restored by complementation with the dhbACEBG genes. These results functionally link the synthesis of the catechol-peptide siderophore compound to the sequenced griseobactin biosynthesis gene cluster.
The entire gene cluster for griseobactin biosynthesis was heterologously expressed in S. lividans TK23. Griseobactin was identified by catechol and peptide quantification and by ESI-MS. To be functional, the aryl carrier protein DhbG and the PCP domains of the NRPS GriE have to be posttranslationally modified by the action of a dedicated 4Ј-phosphopantetheinyltransferase, which covalently links a phosphopantetheine moiety from coenzyme A to a highly conserved serine residue (29) . Since no 4Ј-phosphopantetheinyltransferase gene was found within the griseobactin gene cluster, we propose that the function is taken over by a 4Ј-phosphopantetheinyltransferase encoded by the genome. 4Ј-Phosphopantetheinyltransferases have been shown to be rather nonselective, modifying all kinds of carrier protein domains (43) .
The data suggest that griseobactin acts as a siderophore. Griseobactin biosynthesis is repressed by iron, and four putative iron boxes for repression by the DtxR-like iron regulator DmdR were identified in the nucleotide sequence. The ironbinding capacity of the purified griseobactin was shown by the CAS assay and by UV/Vis spectroscopy. Iron chelation was slow and incomplete, probably because the aluminum, which has to be displaced by iron, forms a kinetically stable complex. In addition, catechol compounds oxidize readily. Since ATCC 700974 synthesizes at least one other siderophore, dhb mutants were still able to grow under iron-limiting conditions. As in other bacteria, several streptomycetes do not rely only on one siderophore but satisfy their iron demand by using at least two siderophores, demonstrating the importance of iron.
The catechol-peptide siderophore griseobactin is structurally related to enterobactin, produced by the Gram-negative bacterium E. coli, and to bacillibactin, produced by the Grampositive bacterium B. subtilis. These siderophores contain three DHBA residues for octahedral iron complexation that are linked to a cyclic amino acid scaffold synthesized by NRPSs. The structure of griseobactin is supported by the specificity of the two hydrolases homologous to GriB and GriF. Since the esterase Fes cleaves the ester bonds between serines in the trilactone enterobactin (32) , GriB may cleave the ester bonds between threonines in the closely related trithreoninelactone in griseobactin. AbgB is believed to hydrolyze the amide bond of aminobenzoyl glutamate (23); thus, GriF may cleave the amide bond between the related aromatic DHBA and arginine in griseobactin. We predict a hydrolytic rather than a reductive release of iron, as observed for all other ester-linked bacterial siderophores, i.e., bacillibactin, enterobactin, and its glucosylated derivatives (32, 37) .
In analogy with bacillibactin biosynthesis (35), we propose the following model for griseobactin biosynthesis. DHBA, arginine, and threonine are activated and transferred to their cognate aryl carrier/PCP domains by DhbE/DhbG, GriE module 1, and GriE module 2, respectively. The bound thioester PCP intermediates are subsequently condensed by the two C domains of GriE, leading to the attachment of DHBA-Arg-Thr as a thioester to the PCP domain of the second module of GriE (DHBA-Arg-Thr-S-PCP). The nucleophilic attack of the Ser hydroxyl group within the GXSXG motif of the TE domain of GriE leads to the attachment of DHBA-Arg-Thr as an ester to the TE domain (DHBA-Arg-Thr-O-TE). After a second round of DHBA-Arg-Thr-S-PCP synthesis, the thioester bond is attacked by the Thr hydroxyl group of DHB-Arg-Thr-O-TE, leading to (DHBA-Arg-Thr) 2 -O-TE. Iteration of this reaction results in the trimer (DHBA-Arg-Thr) 3 -O-TE, which is released by cyclization as a trilactone (DHBA-Arg-Thr) 3 . It will be interesting to elucidate the molecular mechanism that determines how in iterative NRPSs the TE domain counts the monomers stalled at the end of the assembly line and initiates release exactly when the desired length is achieved.
A catechol compound was found not only in the culture supernatant of Streptomyces sp. strain ATCC 700974 but also in VOL. 192, 2010 GRISEOBACTIN BIOSYNTHESIS GENE CLUSTER 433 
